Patients on hemodialysis (HD) have a high burden of chronic inflammation induced associated with multiple comorbidities including poor nutritional status. Endotoxin (ET) is a Gram-negative bacterial cell wall component and a potent stimulus for innate immune system activation leading to the transcription of proinflammatory cytokines (e.g., IL-1, IL-6, and TNF ) that adversely affect protein metabolism and nutrition. Several cross-sectional observational studies have found that elevated serum ET concentrations in hemodialysis patients are associated with lower serum albumin, higher proinflammatory cytokine, and C-reactive protein concentrations. Possible sources of ET in the systemic circulation are bacterial translocation from the gastrointestinal tract and iron supplementation, potentially leading to intestinal bacterial overgrowth. Sevelamer is a nonabsorbable hydrogel approved for use as a phosphate binder in HD patients. Reductions in serum ET concentrations in hemodialysis patients have been observed with sevelamer therapy in observational studies and the few published interventional studies. Reduction of ET concentrations was associated with concomitant reductions in TNF , IL-6, and CRP and improvement in serum albumin in the majority of these small studies. Additional studies are needed to evaluate the potential effects of sevelamer treatment on nutritional status in chronic kidney disease (CKD) patients with elevated ET.
Introduction
Proinflammatory cytokines such as IL-1, IL-6, and TNFand the anti-inflammatory cytokine IL-10 are elevated in hemodialysis (HD) patients [1] . Several factors are linked with the Proinflammatory state in end-stage renal disease (ESRD) patients on dialysis including nutritional status, diabetes, hypertension, sepsis, and biocompatibility with dialysis membranes [1] . Poor nutritional status is a vexing clinical problem that occurs in up to 50% of ESRD patients on hemodialysis and is associated with increased mortality [2] . Documented appetite loss in ESRD patients is associated with higher mortality rates [3] . Albumin is a negative acute phase reactant, and low serum albumin concentrations are associated with elevated markers of inflammation including IL-6, CRP, and TNF- [4] [5] [6] . ESRD patients on HD exhibit increased protein catabolism profiles and greater skeletal muscle breakdown that is correlated with reduced serum albumin concentrations [5, 7, 8] . This loss of lean body mass in concert with chronic inflammation has been identified as a major risk factor for cardiac heart failure in ESRD patients [9, 10] .
Endotoxin (ET) or lipopolysaccharide (LPS) is a major glycolipid component of Gram-negative bacteria cell wall and a potent inducer of inflammatory cytokine production via signaling pathway initiated by stimulating the toll-like receptor 4 (TLR4) [11] . Patients receiving hemodialysis can also be exposed to ET through dialysate. Currently, the Association for the Advancement of Medical Instrumentation endorses an action level for an ET concentration of 0.125 ET units/mL (EU/mL) for water used to make dialysate. In contrast, ultrapure dialysate, commonly used in Europe but not widely in the US, has an ET level threshold of <0.03 EU/mL [12] [13] [14] . More recently, iron supplementation and bacterial translocation from the gastrointestinal (GI) tract has been proposed to significantly contribute to elevated serum ET concentrations in HD patients [10, 15] . Many Gram-negative bacteria are normal flora in the GI tract, and colonization by these organisms can lead to exposure and potential endotoxemia via bacterial translocation across the intestinal lumen and bacteriolysis induced by systemic antibiotics [16, 17] .
Sevelamer is a large, cationic polymer phosphate binder that has been shown to bind free ET and is associated with reduction of serum ET concentrations in vitro and in vivo [18] [19] [20] . This review will discuss pharmacology, mechanisms of action, and data regarding the potential impact on nutritional status of this pleiotropic effect of sevelamer.
Endotoxin: A Potent Inflammatory Stimulus
ET is a known inducer of systemic inflammation and endotoxemia and can induce negative cardiovascular effects and septic shock acutely [11] . The ET molecule consists of three structural domains including Lipid A, an oligosaccharide core and the distal O-antigen [21] . The distal O-antigen consists of a chain of common monosaccharide sugars and is structurally diverse dependent on the strain of bacteria. The inner oligosaccharide core is composed a negatively charged sugars that link the O-antigen to the Lipid A region. Lipid A is normally bound to the outer membrane in the cell wall of Gram-negative bacteria and is a negatively charged phospholipid structure. This is the active moiety that is responsible for recognition and binding to TLR4, which is mediated by LPS-binding protein (LBP) and CD14 (a coreceptor for LPS) that works in conjunction with TLR4 [22] (see Figure 1) . The Proinflammatory pathway induced by ET activates neutrophils, dendritic cells, macrophages, and endothelial cells to release inflammatory cytokines, and if sustained can result in organ system failure and sudden death [23] . The pathway begins when ETs are recognized by LBP in addition to CD14, which escort LPS to the TLR4 and myeloid differentiation factor 2 (MD2) complex. This TLR4 and MD2 signaling complex is linked directly to a myeloid differentiation 88 (MyD88) and toll/interleukin-1 receptor domain containing adapter protein (TIRAP) signaling adaptor proteins that signal downstream enzymes to activate NF-B and AP1, that are translocated into the nucleus and lead to the release of inflammatory mediators (e.g., IL-1 , IL-6, and IL-18) [24] . These Proinflammatory cytokines are elevated in hemodialysis patients and have been associated with poor clinical outcomes, including increased risk of cardiovascular disease, hospitalization, and death [15, 25, 26] .
Albumin has been shown to exhibit anti-inflammatory properties by binding to endotoxin and reducing the expression of pro-inflammation markers [27, 28] . Studies have explored the possibility of a correlation between decreased serum albumin concentrations and increased ET concentrations [10, 15] . Data from McIntyre et al. showed that lower serum albumin concentrations were associated with elevated serum ET; however, data by Feroze et al. did not corroborate this finding [10, 15] . The relationship between ET levels and other markers of poor nutritional status warrants further investigation.
Endotoxin Translocation in ESRD Patients
The GI tract is responsible for absorption of nutrients, and the mucosal surface acts as a protective intestinal barrier to bacteria, toxins, and microorganisms. Chronic inflammatory states including irritable bowel syndrome, heart failure, and chronic kidney disease (CKD) are associated with increases in gut permeability and bacterial translocation into the bloodstream, leading to endotoxemia [29] . The GI tract barrier can also be compromised by other conditions associated with ESRD including oxidative stress, circulatory compromise, hypoxia due to congestive heart failure, reduced gastrointestinal motility, and bacterial overgrowth [30] . It is hypothesized that the two most likely causes of increased serum ET levels in ESRD are gut hypoperfusion and bowel edema, which induces permeability changes and allows bacteria to translocate through the GI lumen into the bloodstream [31] . Iron is an essential growth factor for bacteria, and both oral and intravenous (IV) iron supplementation are common treatments for anemia in ESRD patients. Iron is an essential requirement for most microorganisms, and it has been shown that iron overload can enhance bacterial growth and virulence [32, 33] .
It is well documented in the literature that patients receiving iron supplementation are at an increased risk of bacterial overgrowth and are more susceptible to bacterial translocation [34, 35] . Hepcidin is a polypeptide hormone that sequesters iron stores during acute inflammation to inhibit bacteria from acquiring iron in bacteremia [36] . In chronic inflammatory states such as ESRD, hepcidin inhibits intestinal uptake of iron increasing exposure locally. Thus, it is postulated that IV and oral iron could stimulate intestinal proliferation of bacteria potentially increasing bacterial translocation. IV iron products have also been shown to induce oxidative stress and hydroxyl free radical production in patients on hemodialysis that may reduce innate host defenses that would normally help to contain local bacterial loads [37] .
Clinical Outcomes Associated with Elevated Endotoxin Levels
In an observational cohort study of 211 prevalent HD patients, Raj et al. showed that patients with serum soluble CD14 (indicative of increases in bound ET and ET exposure) concentrations in the highest tertile (>3.63 g/mL) were associated with an increased risk of all cause mortality (odds ratio 3.11; 95% CI 1.49-6.46; ) compared to the referent low tertile group (<2.84 g/mL) [38] . In another cohort analysis, Feroze et al. observed that there was a positive correlation between serum ET levels and C-reactive protein (CRP); however, there was no statistically significant impact of ET on survival in unadjusted models or models adjusted for inflammation [15] . Correlation between serum ET concentration and CRP was also observed by Terawaki et al. [39] . Collectively, these data provide preliminary evidence that that low-grade endotoxemia may contribute to systemic inflammation in patients with ESRD. The inflammatory stimulus associated with elevated ET concentrations has been linked to increased cardiovascular disease risk with ESRD patients and may explain, in part, the markedly increased CVD death rate in hemodialysis patients [40] . Circulating ETs are associated with reduction in cardiac contractile performance and peripheral vasodilation [41] . In a cross-sectional study conducted by McIntyre et al., endotoxemia was found to be increased in more progressed stages of chronic kidney disease; however, there was no linear relationship to eGFR [10] . The highest serum ET concentrations were found in hemodialysis and peritoneal dialysis patients (mean ± SD for both dialysis modalities 0.62 ± 0.37 versus nondialysis patients 0.11 ± 0.68 EU/mL, ). Pediatric hemodialysis patients also had markedly elevated ET serum concentrations compared to adult patients (mean 1.12 EU/mL, versus adults). In multiple linear regression analyses, only CKD stage and serum albumin were independently associated with endotoxemia. In a univariate analysis, serum albumin was found to be negatively correlated with ET levels ( , ) [10] .
Physicochemical Properties of Sevelamer
Sevelamer is a nonabsorbable hydrogel that does not contain aluminum, calcium, or magnesium in contrast to other available phosphate binding agents. The amine moiety includes a carbon backbone with multiple amine groups that are all separated from the carbon backbone by a single carbon [42] . These amine groups get protonated and bind to the anionic phosphate molecules in the intestine forming an insoluble complex that is excreted fecally. This decreases the overall absorption of dietary phosphate and decreases serum phosphorus levels [43] . It is orally administered and is excreted without any systemic absorption during its transport through the gastrointestinal tract. Sevelamer carbonate and sevelamer hydrochloride have the same polymeric structure with the major difference being that the carbonate replaced all of the chloride counter ions in the hydrochloride salt product [44, 45] . Sevelamer has been found to bind to bile acids in vitro and in vivo probably due to its physiochemical similarities to common bile sequestrants, thereby interfering with fat absorption and reducing low-density lipoprotein (LDL) cholesterol levels [46] . Sevelamer carbonate (Renvela) is a carbonate buffered amine that binds to phosphate and other anions as a resin [43] . Sevelamer carbonate is approved for use in CKD patients on dialysis and has gradually replaced sevelamer hydrochloride (Renagel) due to its ability to donate base equivalents and contribute to treatment of chronic metabolic acidosis in ESRD patients [47] .
Sevelamer Binding of Endotoxin
Sevelamer can nonspecifically bind to other negatively charged biomolecules [18] . Sevelamer is known to bind negatively charged bile acids, thus acting as a bile acid sequestrant that can lower low-density lipoprotein concentrations [43] . The negatively charged Lipid A portion of ET allows for binding to sevelamer. An in vitro study investigated the ET binding affinity of sevelamer hydrochloride using 10 ng/mL of E. coli derived ET across a range of sevelamer hydrochloride concentrations (0-50 mg/mL) at time points ranging from 0.5 to 24 hours. Free ET was measured by the limulus amebocyte assay. A range of pH conditions were studied to simulate various GI environments. A reduction of free ET was observed at each time point across all dose ranges and exhibited a dose-dependent response. The one hour time point was noted to be the free ET nadir for the 5, 10, 20, and 50 mg/L doses. There was no difference in ET binding affinity by sevelamer across pH ranges. Interestingly, as the phosphate concentration was increased in the binding affinity experiments, the authors showed increased ET binding in a dose-dependent manner. This suggests a cooperative binding effect, that has also been suggested from previous studies that have shown sevelamer can lose significant binding affinity for phosphate in the presence of bile acids [48] . Finally, the authors used a monocyte cell culture model to evaluate tumor necrosis factor-alpha (TNF-) and subsequent reduction with cotreatment with ET and sevelamer. A dose-dependent reduction in cell supernatant TNF-concentrations that was observed in cells treated with sevelamer indicated the ET binding properties affect downstream inflammation pathways [18] . In a translational study investigating the effect of sevelamer on ET concentrations in vivo, a rat model of renal failure was created by performing a 5/6 nephrectomy. After nephrectomy, plasma ET concentrations increased significantly in the uremic control animals (not treated with sevelamer) versus sham controls, indicating the uremic state itself is associated with increased GI permeability to ET. Animals were randomized to one of four groups: uremic rats treated with sevelamer 3% added to chow, uremic rats not treated with sevelamer, sham rats treated with sevelamer 3% added to chow, and sham rats not treated with sevelamer and followed for 60 days. The uremic sevelamer-treated rats had significantly lower ET and TNF-concentration at all time points: days 7, 30, and 60 compared to uremic control rats. Sevelamer treatment appeared to mitigate the rise in Creactive protein (CRP) in the uremic rats; however, this did not reach statistical significance. Both sham rat groups had no increase in ET and undetectable TNF-concentrations [26] .
Clinical Trials of Endotoxin Binding by Sevelamer
Recent clinical and nonclinical studies of the effects of sevelamer on free ET and Proinflammatory markers are summarized in Table 1 . An observational cross-sectional study that included 46 maintenance hemodialysis patients, collected predialysis blood samples prior to two consecutive dialysis and measured plasma ET, IL-6, and CRP. Mean plasma ET was lower in patients using sevelamer ( 30) [19] . In multivariate regression analyses, sevelamer use independently predicted lower plasma ET after adjustment for multiple confounders including race, gender, age, dialysis vintage, total cholesterol, and white blood cell count. Binder dose (mean ± SD; 3,461 ± 505 mg/day) and duration of treatment were not predictors of ET levels. There was also no correlation between ET concentration and plasma IL-6 or CRP identified in this study. In a more recent prospective, randomized, and open label study, 59 hemodialysis patients were randomized to sevelamer hydrochloride ( 30, Renagel 1600 mg three times a day) or calcium acetate ( 29, Royen 500 mg three times a day) for twelve weeks [49] . Serum concentrations of ET, CRP, soluble CD14, Proinflammatory cytokines (TNF-, IL-1, IL-6, and IL-18) and an antiinflammatory cytokine (IL-10) were measured at baseline and end of study. Serum ET and soluble CD14 were significantly reduced in sevelamer treated patients (22.6% and 15.2%, resp., 0 0 for both analyses). The only Proinflammatory cytokine that significantly decreased among sevelamer treated patients was IL-6 by approximately 7% ( 0 000 versus baseline values). The anti-inflammatory cytokine IL-10, increased by approximately 15% from baseline ( 0 052). CRP also decreased from baseline in the sevelamer group. There were no significant changes from baseline in any measures in the calcium acetate group [49] .
Summary
Elevated ET concentrations are associated with systemic inflammation, poor nutritional status, cardiovascular disease, and increased mortality risk in patients with CKD [10] . Increased systemic ET in HD patients is presumably due to dialysate exposure, translocation of ET from the gut secondary to gut permeability changes and possibly enhanced by iron product use. Sevelamer is physicochemically capable of binding the negatively charged Lipid A portion of ET, and in vitro experiments demonstrate ET binding that is dose-dependent [18] . An additive secondary mechanism of ET reduction by sevelamer may be an indirect binding mechanism that is associated with its known bile acid binding characteristics. Several small, short-term studies have shown an association between sevelamer treatment and decreases in ET, soluble CD14, and Proinflammatory markers, such as CRP and IL-6, biomarkers that have been strongly linked to increased mortality rates in the CKD population [19, 20, 25, 49] . The marked 78% reduction of CRP levels in hemodialysis patients compared to baseline in the study by Stinghen et al. may indicate that there are additional Proinflammatory compounds that could be bound by sevelamer. A recent 8-week randomized, crossover study in CKD patents at stages from 2 to 4 demonstrated that sevelamer carbonate treatment reduced advanced glycation end products, hemoglobin A1C, and biomarkers of inflammation (8 isoprostanes and monocyte intracellular TNF-) indicating International Journal of Nephrology there may be important clinical implications of binding other Proinflammatory mediators [50] . These preliminary data suggest potential benefits of sevelamer in reducing Proinflammatory cytokines especially in patients in early diabetic CKD; however, significantly more research is warranted. A large randomized controlled trial of sevelamer HCl versus calcium acetate did not show any survival benefit in maintenance HD patients randomized to sevelamer [51] . This is in contrast, however, to a recently published randomized trial in CKD stage 3 and 4 randomized patients to sevelamer or calcium carbonate and followed patients for 36 months [52] . In these earlier-stage patients sevelamer treatment was associated with a reduced risk of all cause mortality (hazard ratio = 0.36 95%, CI 0.15-0.83). These data suggest that survival benefits from interventions to reduce inflammation could potentially be realized among predialysis patients [52] . In summary, there are compelling preliminary data that sevelamer effectively binds ET and preliminary data that suggest effective binding of ET by sevelamer with associated decreases in robust biomarkers of inflammation that have been strongly linked malnutrition and mortality in ESRD. Additional studies are needed to determine if improvement in clinical outcomes could be realized with sevelamer treatment in HD patients with poor nutritional status and elevated ET.
